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Abstract 
Extensive studies of Isoetes Iacustris, performed throughout Europe, resulted in regressions 
between the number of leaves per rosette and (1) the number of spores per megasporangium, 
(2) length of seasonal growth, (3) Secchi depth and (4) water colour plus a relationship be- 
tween pH and the number of spores per megasporangium. The evaluation of Isoetes popula- 
tions requires measurements of the lake data Secchi depth, water colour, pH and conductivi- 
ty, the establishment of climate data and leaf counts on 20-30 plants with the aid of SCUBA. 
The method may be applied to lakes in a range of situations, varying between lowland and 
highland, and between temperate and subarctic limate regions. The regressions are dis- 
played graphically. The actual mean leaf number and corresponding megaspore number are 
compared with the numbers referred to in the environmental data. Consistent values point to 
the parameters which influence growth and vitality of the quillwort and to what extent, in a 
particular lake. Examples of evaluation and monitoring are given. 
Key words: Isoetes lacustris - evaluation - leaf number - light availability - pH value -
conductivity - climate - megaspore number 
Introduction 
Isoetid vegetation suffers from becoming increasingly eu- 
trophicated, acidified or dystrophic. The first sign of eu- 
trophication i  deep lakes is often an increased turbidity 
and algal growth, resulting in a decrease of maximum 
depth of macrophyte growth (Rns & SAND-JENSEN 1998). 
Excessive nutrient loading encourages fast-growing com- 
petitive species as well as the development of plankton 
and epiphytic algae (SAND-JENSEN & SONDERGAARD 1981; 
ROELOPS et al. 1983; VOGE 1988; KRAUSE & KIN6 1994; 
SZMEJA et al. 1997). In boreal softwater lakes, benthic and 
epiphytic algae, Sphagnum species and Drepanocladus 
species can form a dense mat on the isoetid vegetation 
after acidification, causing a decline of isoetids (GRAHN 
1974; HULTB~R6 & ANDERSSON 1982; LAZAREK 1982; 
VOGE 1989; R[IS & SAND-JENSEN 1998). Furthermore, n- 
hanced run-off of humic substances towards a lake cause 
in increased turbidity (VOGE 1992, 1997a; RIIS & SAND- 
JENSEN 1998). The spectral composition of daylight is also 
changed in dystrophic lakes (M)iKIRIN'rA 1978). 
Isoetes is a cosmopolitan genus of heterosporous ly-
copsids. In northern and central Europe it is represented 
by two submersed species: I. lacustris, and, less fre- 
quently, I. echinospora. Both are evergreen perennials 
with stiff leaves in a rosette. Well developed roots arise 
from the corm. This growth form is considered charac- 
teristic for macrophytes in biologically unproductive 
lakes (HUTCHINSON 1975; SAND-JENSEN & SONDER- 
GAARD 1978, 1979; BOSTON & ADAMS 1987). Quillworts 
have evolved various adaptations tosuch infertile habi- 
tats. They include CAM metabolism (KEELEY & BUSCH 
1984; BOSTON & ADAMS 1986), high root biomass and 
slow leaf turnover (GACIA & BALLESTEROS 1994). How- 
ever, quillworts do not tolerate competition (RORSLETT 
& BRETTUM 1989; MURPHY et al. 1990). 
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Following GR~PFORD & FOSTER (1989), quillworts be- 
long to the most unusual living pteridophytes, retaining 
many morphological features that reflect heir ancient 
origin. 
The quillwort Isoetes Iacustris preferably inhabits 
shores of clear, slightly acid lakes which are low in elec- 
trolyte and nutrients. Due to lake deterioration it is high- 
ly endangered orthreatened with extinction in numerous 
lakes of Europe and North America. 
Four methods for assessing changes in isoetid vegeta- 
tion are discussed by ARTS (2002): the comparison of 
past and recent macrophyte surveys (ARTs et al. 1989), 
paleo-ecolological studies (BATTARBEE et al. 1992), the 
survey of lakes in acidity or trophic state within a geo- 
graphical area (MURPHY et al. 1990) and the monitoring 
of experimental liming of acidified lakes (ANDERSSON et 
al. 1991). 
In the methods for quillwort evaluating and monitor- 
ing which are presented here, the average plant is con- 
sidered, characterizing a population. Plant performance 
is described by the mean number of leaves per rosette 
and the mean number of megaspores per sporangium. 
Isoetes evaluation: Materials and Methods 
Extensive studies performed on Isoetes lacustris in nu- 
merous lakes throughout Europe (V6GE 1997a, b) have 
resulted in regressions between the mean leaf number 
per rosette and the following features: mean number of 
spores per megasporangium, length of seasonal growth, 
Secchi depth, and water colour. A relationship was ob- 
tained between the mean number of spores per megaspo- 
rangium and pH; its graphic expression is a parabola. 
The relationships have been verified in lakes of Ger- 
many (V6GE 1999) and the Czech Republic (HUSAK et 
al. 2000). The revised regressions (V6GE 2001) were 
used for explaining Isoetes performance in lakes of Nor- 
way, Denmark and Iceland (V(SGE 2003). 
KOTT (1980), has seen the only constant feature of 
Isoetes in its variation. Variation within population (and 
within species, possibly), plus variation within lake may 
explain that while the regressions are highly significant 
(P < 0.001), their correlation coefficients, in some cases, 
are relatively low (r between 0.80 and 0.60). The rela- 
tionship between umber of leaves per rosette and Sec- 
chi depth is significant (P < 0.01). An explanation may 
be the fact, that the water transparency varies frequently 
during the vegetation period, due to plankton develop- 
ment. 
The evaluation and monitoring proposed here, are re- 
sults of the above-mentioned studies. They embrace lake 
data measurements and leaf counts on 20 to 30 well de- 
veloped plants, whilst diving. The plants are studied ur- 
ing summer, in limited areas of reasonably constant 
depth where the growth conditions are alike. All leaves 
are counted, including young leaves, if their length is at 
least one third of the rosette height. The mean number of 
leaves per plant is calculated. An Isoetes population is 
described best by the average fertile plant. Since young 
infertile individuals are very rare within a population, it
is assumed that the only sporelings that develop and be- 
come mature in the end of their second year are those 
that replace dead plants. The selected lake parameters 
proved to be expressive, though other parameters may 
influence the plant growth additionally. The measure- 
ments are easy and inexpensive. Enhanced pH and con- 
ductivity (instruments: WTW) and a low Secchi depth 
usually indicate utrophication. Secchi depth was estab- 
lished whilst snorkelling at the lake surface. A slightly 
modified method of describing water transparency was 
applied: a square disk was lowered ownward as long as 
all corners were still recognized. The depth was read just 
before they became indistinct. A low pH is characteristic 
of acid or acidified lakes, and water colour (Hazen fig- 
ure, Merck) of dystrophic lakes. The length of seasonal 
growth is expressed by the number of months with a 
mean temperature of at least 10 °C. - Therefore, lakes 
situated in different climate regions, in lowland or 
mountainous areas, are considered. 
The mean leaf number per rosette indicates the 
growth conditions of Isoetes populations in a particular 
lake, these being optimal with some thirty or more 
leaves, suboptimal with some twenty or strenuous with 
no more than ten leaves. Though a clear correlation is 
absent, the leaf number decreases with increasing con- 
ductivity. A limiting value for fertile Isoetes proved to be 
240/~S cm -1 (VOGE 1997b). The megaspore numbers per 
sporangium range from less than ten to more than one 
hundred. The regressions are presented graphically in 
Fig. 1, enabling the reading of the leaf number per plant 
or the number of megaspores per sporangium, according 
to the environmental data. If the actual eaf or mega- 
spore number correspond to the data predictions based 
on the environmental data, the relevant parameters con- 
tribute to the explanation of Isoetes performance. An as- 
sessment of the reproductive success is possible by 
means of the megaspore diameter. This is connected 
with the leaf and megaspore number, as is demonstrated 
in Table 1. CASPER & KRAUSCH (1981) report he megas- 
pore diameter of Isoetes lacustris as spanning from 530 
to 700 ktm. Only 520 ktm was measured in the German 
Lake Wollingst (N53.4597 ° E8.8675°), offering an ex- 
tremely low light availability, and 720 ktm in optimal 
growth conditions in the Danish clear softwater Lake 
Kalgaard (N56.0146 ° E9.4507°). Because the spore vol- 
ume decreases dramatically with a lowering megaspore 
diameter, the nutrient supply may be insufficient for the 
embryo development in extremely small megaspores 
and prevent reproduction (V6GE 2003). 
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Fig. 1. Readin9 of referred 
data, following the relation- 
ships between mean leaf 
and megaspore number (a), 
between mean leaf number 
and lake data (b-d) plus be- 
tween megaspore number 
and pH (e). 
Table 1. Mean leaf and spore number plus spore diameter in different lakes. 
Lake Position Mean number of leaves Mean number of spores Megaspore diameter 
per rosette per megasporangium (pm) 
Wollingster See N53.4597 ° E8.8675 ° 8.0 8 520 
Laugarvatn N64.2148 ° W20.7292 ° 6.0 15 580 
Almind So N56.1491 o E9.5559 o 23.0 57 640 
Kalgaard S~ N56.0146 ° E9.4507 ° 38.2 98 720 
The assessment is performed as follows: 
1. Establishment of length of seasonal growth. 
2. Measurements of lake data: Secchi depth, water 
colour, pH, conductivity. 
3. Leaf counts providing the actual eaf number. 
4. Reading of the mean number of spores per megaspo- 
rangium from the actual eaf number (Fig. la). 
5. Reading of the mean number of leaves, referred to 
length of seasonal growth (Fig. lb), Secchi depth 
(Fig. lc), and water colour (Fig. ld). 
6. Reading of the mean spore number per megaspo- 
rangium referred to pH (Fig. le). 
7. Comparison of leaf numbers (actual data and data re- 
ferred to the environment). 
8. Comparison of spore numbers (data referred to leaf 
number per rosette and pH). 
9. In cases where both megaspore numbers are dissimi- 
lar, counts of megaspores of each megasporangium of 
one plant sampled may provide the actual mean spore 
number and further comparison is recommended. 
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Isoetes evaluation and monitoring: 
Results and Discussion 
Considering variation within a population, leaf counts 
on 20 to 30 fertile plants have proved reasonable and 
necessary for the determination of statistically relevant 
data. This variation is not explained by different ages of 
plants. Following BELL & HENSLEY (2000), the corm, 
having reached its mature diameter, remains more or 
less the same size. Because the corm diameter had 
proved to be correlated with the number of leaves per 
rosette (VOGE 1997a), the leaf number, too, should re- 
main more or less the same. Variation within a lake may 
be recognized ue to varied growth conditions. Isoetes 
growing in deep lakes was observed to possess ignifi- 
cantly more leaves in 4.5 m depth (28 leaves) than in 1.5 
m depth with 25.6 leaves (VOGE 1997a). A plant survey 
in one lake revealed a limited and isolated section of the 
shore, where algal mats covered the quillwort. Mean leaf 
numbers were 23 without an algal cover, and 18 under 
algal cover. The explanation was the owner of the corre- 
sponding piece of land, who regularly fed the fishes. Im- 
pact may be observed near bathing beaches: with in- 
creasing distance from them, the quillwort develops 
gradually more leaves. On plants experiencing strong 
density stress, 12.9 leaves were established on average, 
compared with plants growing stress-free in the same 
lake, possessing 18.4 leaves in a rosette (VOGE 2003). 
Hence, it is necessary to consider the particular site 
conditions when examining the plants. Monitoring 
means continued evaluation of quillwort populations, 
which is preferably conducted on permanent plots. 
The application of the method is demonstrated by a 
sample of four lakes providing various growth condi- 
tions. The data concerning climate, light availability, pH 
and conductivity plus the actual eaf number are listed 
for these lakes in Table 2. Further to this, the leaf num- 
ber, relative to the environment, the megaspore number, 
relative to pH, and the actual eaf number are given. 
With these, all data required for the evaluation are com- 
piled. 
In Lake Kjerrvallvatnet in southern Norway 
(N58.4547 ° E6.0724°), climate and all lake conditions 
explain the optimal growth of Isoetes (see data in 
Table 2). 
In Lake Ihlsee in northern Germany (N53.9571 ° 
E10.3066°), all lake data explain Isoetes leaf and spore 
production (see data in Table 2). The temperate climate 
only could enable the development of more leaves per 
rosette. Some eutrophication is evident from the en- 
hanced conductivity and eutraphent species inhabiting 
the lake. 
According to Table 2, subarctic limate conditions 
and light availability explain Isoetes growth in slightly 
humic Lake Abborvann in northern Norway (N69.6822 ° 
E30.0374°). From the pH only, more megaspores could 
be developed: 114. However, since the leaves and spo- 
rangia are rather small, such a high number of spores per 
megasporangium would, presumably, result in tiny 
spores with a low chance for further development. 
From data in Table 2 is recognized that 82 spores 
should have been developed according to Fig. la, re- 
ferred to the actual leaf number, in Lake Mj~vatni 
(N58.3803 o E6.1116 °). Climate and light availability ex- 
plain the leaf number per rosette. Because the spore 
number eferred to pH is 40, the actual spore number 
was determined on a plant sampled; the mean value of 
47 shows that the pH explains the number of spores per 
megasporangium. ARTS et al. (1990) report that the 
quillwort can persist, at least temporarily, under acid 
conditions. VOGE (1997a) stressed that, besides the 
small megaspore number, only two from three mature 
plants possessed megaspores. It appears therefore, that 
while acidification does not result in a remarkably 
Table 2. Site and plant parameters in different lakes. 
Site and plant data Lake 
Kjerrvallvatnet Ihlsee Abborvann Mj~vatni 
Length of seasonal growth (month ~ 10 °C) 
Secchi depth (m) 
Water colour (Hazen) 
pH 
Conductivity (pS cm -~) 
Actual mean number of leaves per rosette 
Mean megaspore number, referred to mean leaf number 
Leaf number, referred to the length of seasonal growth 
Leaf number, referred to Secchi depth 
Leaf number, referred to water colour 
Megaspore number, referred to pH 
5 
10 
5 
6.9 
49 
32 
92 
e32 
30 
>25 
108 
5 
3.9 
20 
7.8 
162 
23 
70 
~32 
19 
21 
76 
3 
4 
25 
6.2 
49 
16 
52 
15 
19 
19 
114 
5 
10 
5 
4.9 
67 
28 
82 
30 
32 
30 
40 
Limnologica (2004) 34, 147-153 
Non-destructive assessing and monitoring ofpopulations ofIsoetes lacustris L. 151 
smaller number of leaves per rosette, reproduction is re- 
stricted. Algal mats covered the vegetation i this lake. 
Growth conditions are worse in such lakes when com- 
petitive Sphagnum species or Juncus bulbosus overgrow 
the quillwort: decline and extinction were observed in 
the course of a few years (VOGE 1997a). - If the mega- 
spore number, read from Fig. 1 a, does not correspond 
with pH (Fig. le), one plant should be sampled for ob- 
taining the actual mean number of megaspores per spo- 
rangium for another comparison. 
Light availability proved to be an important lake pa- 
rameter in explaining the quillwort performance. With 
regard to conserving quillwort, survival of populations 
appears uncertain, if the mean number of leaves goes 
down to ten due to lake parameters. The situation is dif- 
ferent for quillwort inhabiting lakes in subarctic regions 
where steady populations were observed over many 
years, though few leaves only make up the rosettes. 
However, they are assumed to be rather sensitive to fur- 
ther possible stress due to human impact. 
Monitoring on Lake Wollingst in northern Germany 
(N53.4597 ° E8.8675 °) demonstrated dramatic hanges. 
When visited first in 1986, this lake was inhabited by 
three isoetids: Lobelia dortmanna, Isoetes lacustris and 
Littorella uniflora. Water was slightly acid, with a rather 
low conductivity of 103 ktS cm -1 , 4.5 m Secchi depth and 
a water colour of 30 Hazen which explain the mean leaf 
number per rosette stablished (20.5). In 1998, Secchi 
depth was 1.3 m only, the water colour had increased to 
50 Hazen; accordingly the rosettes consisted of 15 
leaves. This process was accelerating. In 2000 the leaf 
number had decreased to8 leaves and megaspores were 
@ 
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2000 2005 Fig. 2. Decreasing mean 
number of leaves per ro- 
sette between 1986 and 
2003 in Lake Wollingst. 
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Fig. 3. Decreasing plant density be- 
tween 2000 and 2003 in LakeWollingst. 
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rare. The quillwort, growing in an extremely low light 
availability due to plankton growth and dystrophic on- 
ditions, was found to be extinct in 2003. The course of 
decreasing leaf number is given in Fig. 2. A permanent 
plot was established in 2000. Because Secchi depth was 
going down to some 50 cm, the plant counts were diffi- 
cult even whilst snorkelling. The dramatic decrease of 
the plant density towards extinction is shown in Fig. 3. 
The leaf number per plant or the meagaspore number 
per sporangium is explained with the aid of the mea- 
sured lake data or the climate conditions in many, but not 
all lakes. Missing references may point to further param- 
eters which were not considered, e.g. epiphyte shading, 
sediment characters, water depth, and further extensive 
research is required. One such example is Lake Gar- 
rensee (N53.6904 ° E10.8549 °) in northern Germany. 
The lake provides optimal growth conditions for quill- 
wort; that are 8 m Secchi depth, water colour 10 Hazen, 
pH 6.8 and conductivity 70 ,uS cm -1. The values explain 
the actual eaf number (37) and the megaspore number 
(103). Though the lake data remained unchanged, the 
quillwort stands are declining continually. This decline 
is not understood. 
Conclusions 
Many European softwater lakes are under threat of envi- 
ronmental degradation: decreasing light availability, 
strongly acidic or alkaline conditions or an enhanced con- 
ductivity give evidence of impact. MURPHY (2002) sees 
another serious threat o the continued survival of carbon- 
stress-tolerant aquatic isoetid vegetation in the global 
CO2 increase. Further impact of climate variability may 
be rising water temperature during summer, which may 
be an additive stress, because boreal Isoetes inhabits lakes 
in cooler mountainous regions of southern Germany ex- 
clusively. In very warm and dry summer conditions, the 
water levels of lakes are lower than usual, resulting in 
plants growing in more shallow water. In storms such 
plants are exposed to waves and may be uprooted, partic- 
ularly if their leaf number is small. Root length has 
proved to be correlated with the mean number of leaves 
per rosette (VOGE 1997a). SMOLDERS et al. (2002) suggest 
that losses of isoetids are underestimated and might play 
an important role in the decline of isoetid stands. 
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